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Abstract

We use a global chemical transport model (GEOS-Chem) to estimate the impact of transpacific transport of mineral dust

on aerosol concentrations in North America during 2001. We have implemented two dust mobilization schemes in the

model (GOCART and DEAD) and find that the best simulation of North American surface observations with GEOS-

Chem is achieved by combining the topographic source used in GOCART with the entrainment scheme used in DEAD.

This combination restricts dust emissions to year-round arid areas but includes a significant wind threshold for dust

mobilization. The model captures the magnitude and seasonal cycle of observed surface dust concentrations over the

northern Pacific. It simulates the free tropospheric outflow of dust from Asia observed in the TRACE-P and ACE-Asia

aircraft campaigns of spring 2001. It reproduces the timing and distribution of Asian dust outbreaks in North America

during April–May. Beyond these outbreaks we find persistent Asian fine dust (averaging 1.2 mgm�3) in surface air over the

western United States in spring, with much weaker influence (0.25 mgm�3) in summer and fall. Asian influence over the

eastern United States is 30–50% lower. We find that transpacific sources accounted for 41% of the worst dust days in the

western United States in 2001.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Mineral dust is a large contributor to aerosol
loading in the Earth’s atmosphere (Penner et al.,
2001) with important implications for air quality,
climate, atmospheric chemistry, and the biosphere.
Airborne fine dust (o2.5 mm diameter) has a
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particularly harmful effect on the human respira-
tory system (Dockery et al., 1993), and adversely
impacts visibility (Malm et al., 2000). Scattering and
absorption by dust impact the Earth’s radiation
budget (Sokolik et al., 2001), the thermal structure
of the troposphere, and actinic fluxes (Liao et al.,
1999), altering dynamical, and photochemical pro-
cesses. Coating of dust particles under polluted
conditions (Clarke et al., 2004) can change micro-
physical properties and promote surface chemical
processes (Dentener et al., 1996; Jacob, 2000). Dust
deposits minerals to the oceans and to the terrestrial
.
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biosphere (Fung et al., 2000; Meskhidze et al., 2005)
while fungal spores are transported on dust particles
across oceans (Shinn et al., 2000).

Mineral dust is mobilized by strong winds over
arid terrains. Principal source regions are deserts or
dry lakes and streambeds where alluvial deposits
have accumulated (Ginoux et al., 2001; Prospero
et al., 2002). Natural sources are thought to be
dominant, but human activity can also contribute
(Tegen et al., 2004; Mahowald et al., 2004). Most
airborne dust falls out close to the source but fine
dust can be transported over long distances: from
North Africa to the Caribbean and Florida
(Perry et al., 1997; Prospero, 1999) and from Asia
to North America (Husar et al., 2001; Jaffe et al.,
1999).

Mineral dust is usually a small component of
aerosol loading in the United States (EPA, 2003),
but occasionally it can raise aerosol concentrations
above EPA air quality standards during domestic
and overseas events (Husar et al., 2001; Jaffe et al.,
2003; Szykman et al., 2003; Prospero, 1999). It also
impacts the Regional Haze Rule (RHR) of the US
Environmental Protection Agency (EPA, 2003),
which requires states to develop implementation
plans for achieving ‘‘natural visibility conditions’’ at
class 1 sites (national parks, monuments, and
wilderness areas) by 2064. Defining natural visibility
objectives requires improved understanding of
natural aerosol sources, and the impact of trans-
boundary contributions. Park et al. (2004) found
that trans-Pacific transport of Asian sulfate pollu-
tion will prevent natural visibility goals from being
attained. Here, we examine the effect of overseas
dust. The occurrence of springtime Asian dust
events at US sites is well known (Jaffe et al.,
1999). More recently, cluster analysis of surface
elemental data taken at Interagency Monitoring for
Protected Visual Environments (IMPROVE) sites in
the United States has suggested that Asian dust is
pervasive over North America, extending beyond
sporadic springtime episodes (Van Curen & Cahill,
2002). This study is designed to assess the contribu-
tion of Asian dust over the United States and its
impact on RHR goals.

2. Methodology

We have conducted global annual dust simula-
tions for 2001 using the GEOS-Chem chemical
transport model (CTM) (Bey et al., 2001; Park
et al., 2004) to describe the mobilization, transport
and deposition of mineral dust in the atmosphere.
Separate simulations were conducted to distinguish
contributions from overseas and domestic dust
sources to North America.

2.1. Model description

GEOS-Chem is a global CTM driven by GEOS
assimilated meteorological fields from the NASA
Goddard Modeling and Assimilation Office
(GMAO). The GEOS-3 fields for 2001 have
11� 11 horizontal resolution, and 48 vertical sigma

levels extending from the surface to approximately
0.01 hPa. We degrade them to 21� 2.51 for input to
GEOS-Chem.

The mineral dust module in GEOS-Chem de-
scribes the mobilization of dust from the Earth’s
surface, gravitational settling, and wet and dry
deposition. For the simulations presented here, the
dust is distributed in four-size bins (radii 0.1–1.0,
1.0–1.8, 1.8–3.0, and 3.0–6.0 mm), following Ginoux
et al. (2004). Dry deposition is represented with a
deposition velocity that accounts for gravitational
settling (Seinfeld and Pandis, 1998) and turbulent
dry transfer of particles to the surface (Zhang et al.,
2001). Wet deposition uses the scheme of Liu et al.
(2001), which includes scavenging in convective
updrafts, rainout and washout from large-scale
precipitation and convective anvils.

2.2. Dust mobilization

Mobilization of soil particles from the Earth’s
surface takes place when the turbulent drag of the
atmosphere overcomes gravitational inertia and
inter-particle cohesion. Only clay and silt particles
(diameters: o2.5 mm, and 2.5oDo60 mm, respec-
tively) remain airborne for more than a few minutes
(Marticorena and Bergametti, 1995, hereafter
MB95). These particles are difficult to mobilize
directly, because of cohesive forces (Iversen et al.,
1976), but are liberated by bombardment by larger
(saltating) sand particles (D460 mm).

We implemented two dust mobilization schemes
in GEOS-Chem: (1) the scheme of Ginoux et al.
(2004, hereafter G04), developed for the GOCART
CTM and (2) the dust entrainment and deposition
(DEAD) scheme of Zender et al. (2003a, b hereafter
Z03a,b). Both schemes treat the vertical dust flux as
proportional to the horizontal saltation flux. The
DEAD scheme (Z03) follows MB95 in computing a
total horizontal saltation flux, Qs, based on the
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theory of White (1979):

Qs ¼ Cz

rair
g

U�3 1�
U�t
U�

� �
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U�t
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� �2

, (1)

where U� is the friction velocity, U�t ðDÞ is the
threshold friction velocity, rair is the air density, g is
the acceleration of gravity, and CZ is a global tuning
factor. Qs is computed at D ¼ 75 mm, where U�t is a
minimum, and the total vertical dust flux is given by

F ¼ AmSzaQs, (2)

where the sandblasting mass efficiency, a, depends
on the fraction Mclay of clay in the soil, Am is the
fractional area of land suitable for mobilization,
and Sz is the ‘‘erodibility,’’ an efficiency factor that
favors emissions from specified geographic features.
We followed Z03b in using ‘‘geomorphic erodibil-
ity,’’ which depends on upstream runoff area, and
set Mclay ¼ 0.2 globally. We computed U� from the
10-m wind speed assuming neutral stability below
and used a roughness length Z0 ¼ 100 mm, recom-
mended by Z03a for dust mobilization candidate
cells. F is distributed by particle size as a globally
uniform tri-modal lognormal probability density
function, which we project on to the selected size
bins specified above.

The GOCART scheme (G04) follows Gillette and
Passi (1988) in computing a size segregated vertical
dust flux, Fp, for each size class, p:

Fp ¼ CGSspU2
10ðU10 �U�t Þ, (3)

where the ‘‘source function,’’ S, serves the same role
as the product AmSz in DEAD (Eq. (2)), sp is the
mass fraction applied to each size class, U10 is the
10-m wind speed, and CG is a global constant. S

confines dust emissions to topographic depressions
in desert and semi-desert areas of the world (Ginoux
et al., 2001, hereafter G01) and is time invariant.

Soil moisture, vegetation, rocks and stones, and
snow cover inhibit dust mobilization by contribut-
ing to cohesion, by shielding the surface and acting
as a momentum sink on the flow. Both schemes
represent the impact of soil moisture by increasing
U�t . In GOCART emissions are completely shut off
when the surface volumetric water content y exceeds
0.2m3m�3. In DEAD, moisture inhibition becomes
important when y exceeds 0.3m3m�3. Because U�t is
of similar magnitude to U� but an order of
magnitude smaller than U10, the wind threshold
under dry conditions, for a given meteorological
forcing, is significant in DEAD but is negligible in
GOCART.
Although the DEAD and GOCART schemes
differ in detail, they differ most fundamentally in
representing the role of vegetation. GOCART
restricts emissions to persistent arid regions,
whereas DEAD permits regions that become
seasonally devegetated to mobilize. The mobiliza-
tion land fraction for DEAD

Am ¼ ð1� AsÞð1� Al � AwÞð1� AvÞ (4)

(refer Eq. (2)) comprises factors that suppress dust
emission from snow-covered ground, wetlands and
bodies of water, and vegetated areas, respectively.
The vegetation term (1�Av) uses monthly mean leaf
plus stem area index (LAI) diagnosed from
AVHRR data, and decreases linearly from 1 to 0
as LAI increases from 0 to 0.3 (Z03a).

2.3. A combined mobilization scheme for GEOS-

Chem

The performance of a mobilization scheme in a
CTM depends on the model is sensitive to the
meteorological fields used, and the data set used for
evaluation (Cakmur et al., 2006). Modelers typically
use global factors (e.g., CG and CZ above) to tune
dust emissions to optimize comparisons to a
particular set of measurements (e.g., Mahowald
et al., 2002). Here, we are particularly concerned
with the performance of the model with respect to
North American surface observations, and to
transpacific transport. Full-year mineral dust simu-
lations were conducted for 2001 using both the
GOCART and DEAD mobilization schemes, with
total annual emissions for each simulation scaled to
1453Tg, well within the range of estimated global
dust emissions from models (Textor et al., 2006;
Cakmur et al., 2006). The different approaches to
the role of vegetation between the two schemes
produced very different spatial and temporal
distributions of emissions over North America.
While GOCART emissions were restricted to desert
regions in the southwest, DEAD emissions were
more prominent in the central and northern
prairies, where LAI falls below the threshold for
mobilization in fall and early spring.

Fig. 1 shows a comparison between simulated and
annual mean fine dust (o2.5 mm) observations at
IMPROVE sites in the continental United States for
2001. IMPROVE sites are located in class I areas
throughout the United States (Malm et al.,
1994; Sisler, 1996; Van Curen and Cahill, 2002;
http://vista.cira.colostate.edu/improve). Elemental

http://vista.cira.colostate.edu/improve
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Fig. 1. Annual mean surface fine (o2.5mm) dust concentrations (mgm�3) in the United States for 2001. Model results using the

GOCART, DEAD, and combined mobilization schemes are compared to observations from the IMPROVE network mapped over the

model grid. Note: Color scale saturates at 2.5 mgm�3; larger values appear red.
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composition data are available every three days
from 24-h samples; fine dust mass is estimated using
the formula of Malm et al. (1994). The GOCART
simulation shows good spatial representation of the
observations (r ¼ 0.6, mean bias ¼ 0.17 mgm�3, rms
difference ¼ 0.43 mgm�3), but emissions in the west
and southwest were found to be more prolonged
than observations suggest, which we attribute to the
low dry wind threshold in GOCART. Results with
DEAD showed good spatial structure in the west,
except that unrealistically large emissions were
generated over the northern plains due to low LAI
in fall and early spring, which propagated to eastern
sites, resulting in a poorer overall comparison with
IMPROVE (r ¼ 0.06, mean bias ¼ 0.41 mgm�3, rms
difference ¼ 0.53). Although the plains can be a
source of windblown dust, senescent and non-leafy
vegetation, and soil conservation practices mitigate
erosion (M. Black, Agriculture and Agri-Food,
Canada, personal communication). LAI does not
account for these factors.

These issues led us to combine the entrainment
scheme used in DEAD with the source function, S,
used in GOCART. The vertical dust flux is then
given by

F ¼ 1� Asð ÞSaQs (5)

(cf. Eq. (2)). S restricts emissions to persistent desert
and semi-desert regions, and (1�As) retains sup-
pression due to snow cover. Mahowald et al. (2002)
and Luo et al. (2003) used similar approaches in
their dust models. We find that this combination
overcomes prolonged emissions in southwest (GO-
CART) and eliminates unrealistically strong emis-
sions over the northern plains (DEAD), reducing
regional mean biases and rms differences (r ¼ 0.55,
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mean bias ¼ �0.09, rms difference ¼ 0.26) (Fig. 1).
The global annual emission remains at 1453Tg.
Hereafter, we use this combined scheme.

3. Global dust budget with combined scheme

Fig. 2 shows global maps of annual dust emission,
dust loading, and dry and wet deposition from
the 2001 simulation using the combined scheme.
Table 1 shows the corresponding global, size-
resolved dust budget. The maps of emission and
loading clearly show the global ‘‘dust belt,’’ which
extends from North Africa, through the Middle
East, into central Asia, China, and Mongolia
0.020 0.200 2.000 20.00 200.0

0.020 0.200 2.000 20.00 200.0 0

0

g m−2

g m−2

Emission

Dry deposition

Fig. 2. Global maps of total annual dust emission (gm�2), annual mean

total dust mass wet deposited (gm�2), for 2001 from the simulation.
(Prospero et al., 2002). Spring and early summer
are the preferred times for emissions in both
hemispheres. Easterly trade winds export North
African dust to Central and South America in NH
winter and spring, and the Caribbean in summer.
Mid-latitude NH westerlies provide a pathway for
Asian dust across the Pacific to North America.
Except for NH winter, the model maintains an
unbroken belt of dust loading exceeding 5mgm�2 in
northern mid-latitudes, and across the Pacific in
particular.

Dry deposition is focused near the source regions,
whereas wet deposition is more dispersed; high wet
losses follow the ITCZ in the tropical Atlantic, and
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Table 1

Global annual dust budget in the model

Radius range (mm) Emission (Tg yr
�1) Dry deposition (Tg yr

�1) Wet deposition (Tg yr
�1) Burden (Tg) Lifetime (days)

0.1–1.0 178 44 134 3.9 8.3

1.0–1.8 368 126 241 6.9 6.9

1.8–3.0 469 278 188 5.4 4.3

3.0–6.0 439 393 43 1.4 1.2

Total 1453 841 604 17.6 5.1

T. Duncan Fairlie et al. / Atmospheric Environment 41 (2007) 1251–12661256
mid-latitude storm tracks. Dry deposition accounts
for 58% of dust mass loss. The 5.1-day overall
lifetime and the relative wet and dry loss rates of
dust in our model fall well within the extensive
range of estimates from contemporary global
models (Textor et al., 2006).

4. Evaluation of overseas dust sources

In this section we evaluate the ability of the model
to reproduce dust observations relevant to assessing
the overseas component of dust over North
America. First, we use surface measurements at
Northern Hemisphere sites for 2001 (when avail-
able) and other years. Then, since surface measure-
ments may not be representative of Asian outflow
and transpacific transport that occurs at higher
altitudes, we focus on spring 2001 aircraft observa-
tions of Asian outflow over the western Pacific.

4.1. Northern hemisphere sites

We use a climatology of dust measurements from
the worldwide network of ground stations managed
by the University of Miami (Prospero, 1996). This
data set has been used to evaluate previous global
model simulations, e.g., G04, Z03, and Luo et al.
(2003). Fig. 3 shows simulated and observed
monthly mean dust concentrations at nine northern
hemisphere sites. Data of 2001 for midway Island,
Barbados, and Miami are included. Simulated
values are selected at an altitude corresponding to
the elevation of the surface observations. Observa-
tions at Cheju and Okinawa provide information on
the seasonal cycle of dust generation and outflow
from Asia. These stations show a springtime peak,
and a secondary enhancement in the fall. Spring is
the preferred season for dust mobilization and
outflow in East Asia (Carmichael et al., 1996).
April and May data show considerable interannual
variability, attributed to variability of large-scale
flow patterns by Zhang et al. (2003). A summertime
lull at Cheju and Okinawa is associated with a more
northeastward track for dust export from East Asia,
with prevailing onshore flow in southeast China.
The fall peak represents a return to the eastward
transport from source regions that are less active
than in spring. The model captures the observed
seasonal cycle, although simulated values are low
compared with the climatology, particularly in
winter when snow suppresses dust mobilization in
the model.

In the central Pacific, Midway and Oahu show a
spring maximum, associated with Asian outflow,
and a lull in summer. Simulated values fall generally
within the observed range at Midway, and the
model reproduces the springtime peak at midway in
2001, when concentrations exceed twice the clima-
tological mean. The simulation is biased low at
Oahu in January and February, similar to Cheju.

Export of African dust and transatlantic trans-
port is illustrated using the remaining sites shown in
Fig. 4. Sal Island and Izania (Tenerife) show
monthly mean total dust values of between 10 and
60 mgm�3 for most of the year. Sal Island shows a
peak in February, whereas Izania shows higher
values in summer, reflecting a seasonal northward
shift of African dust outflow (Prospero et al., 2002).
The model shows skill in representing these char-
acteristics, although the model is biased high
at Sal Island for most of the year. Barbados,
Miami, and Bermuda see strongest African dust
influence in summer. The simulation captures the
seasonal cycle at Barbados, shows a summertime
peak at Bermuda, but misses the observed summer-
time peak at Miami, for which 2001 data are shown.
This is due to a known problem of excessive wet
deposition associated convective in GEOS-3 me-
teorological fields off the Florida coast (Park et al.,
2006).
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in scales between panels.
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Fig. 4. Simulated monthly dust emission (gm�2month�1) and mean column mass (mgm�2) for March (top) and April (bottom) 2001.

Black symbols show the locations of dust measurements in TRACE-P (March) and ACE-Asia (April). Red symbols show observed

occurrences of dust measurements above 100 mgm�3.
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4.2. Aircraft observations of Asian outflow to the

Pacific

Aircraft measurements of Asian dust outflow to
the Pacific were made in spring 2001 by the
TRACE-P and ACE-Asia campaigns. For
TRACE-P (Jacob et al., 2003), based in Hong
Kong and Tokyo, we use bulk measurements of
Ca2+ and Na+ from the DC8 aircraft (Dibb et al.,
2003) to diagnose the mineral dust mass following
Jordan et al. (2003). We restrict our comparison to
data collected off the Asian eastern seaboard west of
1501E. For ACE-Asia campaign (Huebert et al.,
2003), based in southern Japan, we use Ca2+ and
Na+ data from the total aerosol sampler (TAS)
aboard the C-130 aircraft (Kline et al., 2004;
Huebert et al., 1998), and similarly convert to dust
concentration following Jordan et al. (2003). Chin et
al (2004) used TAS data to assess their simulation of
this period. For both TRACE-P and ACE-Asia the
model is sampled at the location and time of the
aircraft observations.

Fig. 4 shows simulated dust emission and
monthly mean column mass over East Asia and
downwind for March and April 2001. Black
symbols show the locations of the measurements.
Red symbols indicate observed dust above
100 mgm�3 at standard conditions (T ¼ 298K,
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p ¼ 1013 hPa). March shows active source regions
in the Gobi and Taklimakan deserts, and also in the
Horqin region of northeast China (Gong et al.,
2003). April shows marked intensification in these
regions, reflecting in part a major dust storm on 6–8
April (Liu et al., 2003; Takemura et al., 2002; Jaffe
et al., 2003; Szykman et al., 2003). April shows
extensive outflow across Japan to the North Pacific,
and the aircraft observations are well placed to
sample the dust outflow.

Fig. 5 shows the altitude distribution of mineral
dust from TRACE-P and ACE-Asia, together with
model results sampled along the aircraft flight
tracks. Corresponding scatter plots of the data are
also shown. The model shows skill in simulating the
vertical structure of the observed dust. While the
model underestimates highest dust values in the
boundary layer, it does better in the free tropo-
sphere (taken to be above 850 hPa), which drives
transpacific transport. For TRACE-P the model
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(top) and ACE-Asia (bottom) are compared with model results (red d

shown.
was essentially unbiased in the free troposphere
(mean bias of �0.5 mgm�3, �8%), with an rms
difference of 16.1 mgm�3. For ACE-Asia, mean dust
observations were almost 10 times larger than in
March, while simulated mean values were only four
times bigger, leading to a mean bias above 850 hPa
of �36 mgm�3 (�70%), and an rms difference of
91 mgm�3. Nevertheless, the simulation of TRACE-
P and ACE-Asia data offers us some confidence
that the model represents the increasing Asian dust
sources and transpacific transport in spring 2001.

5. Surface dust concentrations in North America

We now compare the model results with observa-
tions from the IMPROVE network. Fig. 6 shows
simulated and observed seasonal mean concentra-
tions of fine dust at IMPROVE stations for 2001.
Overseas and domestic (North American) contribu-
tions are resolved using results from a simulation in
100.0

10.0

1.0

0.1

100.0

10.0

1.0

0.1

M
od

el
 (

ug
 m

−3
)

Cbserved (ug m−3)

M
od

el
ed

 (
ug

 m
−3

)

0.1 1.0 10.0 100.0

Cbserved (ug m−3)

0.1 1.0 10.0 100.0

r2 = 0.60

r2 = 0.03

spring 2001. Aircraft observations (black crosses) from TRACE-P

iamonds) sampled along the flight tracks. Scatter plots are also



ARTICLE IN PRESS

50°N
45°N
40°N
35°N
30°N
25°N

50°N
45°N
40°N
35°N
30°N
25°N

50°N
45°N
40°N
35°N
30°N
25°N

50°N
45°N
40°N
35°N
30°N
25°N

120°W 100°W 80°W 120°W 100°W 80°W 120°W 100°W 80°W 120°W 100°W 80°W

IMPROVE DJF Model DJF Overseas DJF Domestic DJF

IMPROVE MAM Model MAM Overseas MAM Domestic MAM

IMPROVE JJA Model JJA Overseas JJA Domestic JJA

IMPROVE SON Model SON Overseas SON Domestic SON

< 0.00 0.50 1.00 1.50 2.00 2.50

ug m−3

Fig. 6. Simulated and observed seasonal mean concentrations of fine dust (o2.5 mm) mass (mgm�3) at IMPROVE stations for 2001. Rows
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and domestic (North American) contributions are shown in columns 3 and 4. Note: Color scale saturates at 2.5 mgm�3; larger values

appear red.
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which North American emissions are excluded.
IMPROVE observations are 24-h averages sampled
every three days and we sample the model accord-
ingly. Observed seasonal means are constructed by
averaging the data for IMPROVE sites within each
model grid box. Nevertheless, comparing localized
observations with model results that are representa-
tive of a much larger area is inherently problematic.
Fig. 7 shows individually observed and simulated
time series at selected IMPROVE sites: Lava Beds is
representative of high-altitude northwest sites;
Great Smoky Mountains is an eastern Appalachian
site; Guadalupe is a southwestern site close to
regional dust sources.
Winter (DJF) is the seasonal minimum in fine
dust at the IMPROVE sites (Van Curen and Cahill,
2002), with concentrations generally below
0.3 mgm�3. Higher values in the southwest are due
to domestic sources. The model is biased high in the
southwest and low in the east, but values are small.
Overseas influence in the model is below 0.15 mgm�3

at most locations.
Spring (MAM) is by contrast the seasonal

maximum in dust across the continental United
States. Largest values are found in the west, with
seasonal means up to 3 mgm�3, but dust is also
elevated at eastern sites with 75% of sites showing
seasonal means above 0.7 mgm�3. This nationwide
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Fig. 7. Observed (black) and simulated (red) fine dust concentrations (mgm�3) at Lava Beds, Great Smoky Mountains and Guadalupe

IMPROVE sites for 2001. Simulated overseas contributions (green) are overlaid.
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enhancement in spring is due principally to trans-
pacific transport events in April and May (Jaffe
et al., 2003; Szykman et al., 2003; Takemura et al.,
2002; DeBell et al., 2004; Price et al., 2003), which
appears as spikes of fine dust at IMPROVE sites
(Fig. 7). Observed Al/Ca ratios of 1–2 (not shown)
are consistent with an Asian origin for the dust (Van
Curen and Cahill, 2002). The model captures the
nationwide springtime enhancement, and attributes
up to 2 mgm�3 in the northwest to transpacific
transport, although simulated values are high here
because a simulated transpacific dust event in early
May was twice as large as observed (see Lava Beds,
Fig. 7). Domestic sources contribute 10–60% in
southwestern locations, while in the east the model
attributes 95% of fine dust to transpacific transport,
with an overall 10% low bias. The model captures
the timing of peaks of transpacific dust influence
and indicates that the Asian dust presence persists in
spring (Fig. 7). The model shows no impact from
African dust over the continental US during spring,
but attributes the observed seasonal mean of
1.7 mgm�3 at Virgin Islands (not shown) to African
dust.

North African dust peaks during the summer
months (JJA) in Florida and along the Gulf Coast.
Observed seasonal mean concentrations for JJA
2001 approach 2 mgm�3 along the Gulf coast and
are enhanced in the Appalachians and at east coast
sites (75% of values exceed 0.5 mgm�3). North
African dust is evident at Great Smoky Mountains
from June and July (Fig. 7), where Al/Ca ratios
reach 3.8, characteristic of a Saharan origin (Perry
et al, 1997). Domestic sources are active in the
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southwest during the summer, e.g., at Guadalupe
that is subject to regional dust sources in west Texas
and northern Mexico, and shows peaks of fine dust
approaching 10 mgm�3 (Fig. 8) and seasonal means
exceeding 3.0 mgm�3. The model shows a small
overseas influence in summer (JJA) over continental
US transpacific influence peaks in the northwest
with seasonal mean values of up to 0.4 mgm�3. Van
Curen and Cahill (2002) estimated an Asian
influence of 0.5 mgm�3 in summer at high-altitude
western sites. The model is biased 50% low overall
at western sites, but we attribute this to an under-
estimation of domestic emissions. The model fails to
represent strong dust activity at Guadalupe in
summer (Fig. 7), where only a small amount of
overseas dust is evident. Simulated emissions are
weak in the southwest in summer because the model
resolved winds rarely reach the mobilization thresh-
old. Much of the dust may be driven by dry
convection or small-scale instabilities, e.g., dust
devils (e.g., Gillette and Sinclair, 1990), that are not
represented in the model. Cakmur et al. (2004) find
that including a dust source from dry convection
increases summertime emissions in the Northern
Hemisphere and improves comparisons with satel-
lite aerosol optical depths. Traffic on unpaved roads
and agricultural activity may also contribute at
western arid locations (Kavouras et al., 2006). The
model fails to capture African influence at eastern
sites because of excessive convective wet deposition
off the east coast of Florida, as discussed previously.

In fall (SON) the African influence moves south
and domestic sources in the west are more muted
than in summer. The model shows a transpacific
dust influence similar in fall as in summer with
seasonal mean values approaching 0.4 mgm�3 at
western sites. The model is biased 25% low in the
west and 50% in the east.

6. Implications for visibility impairment and the

RHR

The US EPA (2003) RHR requires states to
achieve a linear decrease in visibility impairment in
their natural areas starting in 2004 and toward an
endpoint of ‘‘natural visibility conditions’’ by 2064.
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Visibility is measured as the logarithm of light
extinction, and linear improvement is to be
applied to the 20% worst visibility days. The EPA
provides default estimates for natural concentra-
tions of aerosol components to define the natural
visibility endpoint. For fine dust (o2.5 mm dia-
meter) and coarse mass (42.5 mm) these are 0.5 and
3.0 mgm�3, respectively, nationwide. As seen in
Fig. 6, however, there are large regional as well as
seasonal differences.

Here, we consider the transpacific impact of
mineral dust on visibility impairment at the
IMPROVE sites during 2001. First, we identify
the 20% worst visibility days for 2001 using
IMPROVE data. We follow Kavouras et al.
(2006) in defining ‘‘worst dust days’’ as the subset
of the 20% worst visibility days for which dust (fine
plus coarse mass) is the principal contributor to
aerosol extinction. We then diagnose the 20% worst
visibility days in the model and the corresponding
worst dust days. To do this we have combined the
results of our dust simulation with GEOS-Chem
(11� 11) model results for sulfate, nitrate, elemental
carbon (EC), and organic carbon mass (OMC)
aerosol at the IMPROVE sites for 2001 (Park et al.,
2006). Park et al. showed that the model captures
observed spatial distributions of the annual mean
(R2
¼ 0.88) and standard deviation (R2

¼ 0.66) of
daily visibility impairment at IMPROVE sites for
2001. Their simulation did not include dust. Here
we add the dust component and distinguish the
transpacific contribution on worst dust days.
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Fig. 9. Simulated overseas contribution to dust extinction for model

attributed to transpacific transport.
We compute aerosol extinction, bext, at the
IMPROVE sites using the formula recommended
by the EPA (2003), which uses dry mass concentra-
tions of individual aerosol components:

bext ¼ 3f ðRHÞ½ðNH4Þ2SO4 þNH4NO3�

þ 4½OMC� þ 10½EC� þ ½soil� þ 0:6½CM�, ð6Þ

where f(RH) is a correction factor for hygroscopic
growth as a function of relative humidity. For the
model results, we take coarse mass (CM) ¼ to-
tal�fine dust mass.

Fig. 8 shows observed mean aerosol extinction at
the IMPROVE sites for the worst 20% visibility
days in 2001, the contribution of dust (coarse+fine
mass) to aerosol extinction on the worst visibility
days, and the number of worst dust days at
IMPROVE sites in 2001. Corresponding results
from the model are also shown. Fig. 8 shows a large
difference in aerosol extinction between the eastern
and western US, reflecting large anthropogenic
influences (mostly sulfate) in the east—see Park
et al. (2006) for a detailed discussion of the model
results. Dust contributes less than 10% to aerosol
extinction in the east on the worst visibility days,
but up to 43% in the west. The observation indicate
1–12 worst dust days at western sites, none in the
east, for a total of 169 worst dust days at 44
locations. The model shows skill in reproducing the
spatial pattern of aerosol extinction and the percent
contribution of dust to aerosol extinction on the
20% worst visibility days. The model shows 89
Number of dust days

< 0 1 2 3 4 5

worst dust days (%), and the number of model worst dust days



ARTICLE IN PRESS
T. Duncan Fairlie et al. / Atmospheric Environment 41 (2007) 1251–12661264
worst dust days at 36 western locations, lower than
observed, in large part because it underestimates
coarse mass from summertime domestic sources.
Coarse mass contributes between 50% and 80% to
dust extinction at IMPROVE sites on observed
worst dust days (not shown). As discussed above,
parameterization of sub-grid-scale sources could
reduce the underestimate of this coarse domestic
component.

Fig. 9 shows the percentage of overseas contribu-
tion to dust extinction on the model worst dust
days, and the number of model worst dust days
attributed to overseas sources. Overseas sources
contribute up to 100% to dust extinction on worst
dust days in the northwest, and are responsible for
typically 1–2 of the worst dust days at western sites.
The model indicates that transpacific transport
accounts for 41% (37 of 89) of worst dust days at
western locations in 2001. This ratio is higher than
that found by Kavouras et al. (2006), who
attributed 63 of 203 (31%) worst dust days at
western sites in 2001 to Asian sources.
7. Conclusions

We implemented a dust scheme in the GEOS-
Chem global chemical transport model, and used it
to assess the impact of transpacific dust influence on
surface aerosol concentrations in the United States
in 2001. We used two standard dust mobilization
schemes—GOCART (G04) and DEAD (Z03)—but
had issues with both for simulating US observa-
tions. GOCART yielded prolonged emissions,
which we attribute to an insufficient wind threshold.
DEAD generated excessive emissions over the
northern plains in fall and early spring due to
seasonally low LAI. We argue that LAI does not
account for senescent or leafless ground cover, and
land management practices aimed at soil erosion
mitigation. We found that combining the entrain-
ment scheme of DEAD with the topographic source
from GOCART overcame some negative character-
istics, which we encountered with each scheme
individually.

Using the combined scheme the model captured
much of the amplitude and seasonal cycle in dust
climatologies at surface sites in the Northern Pacific.
The model captured the springtime peak off the
Asian coast and in the central Pacific. Simulated
outflow of Asian dust in the free troposphere to the
Northern Pacific is found to be unbiased in March
compared to observations made from aircraft,
although April values are underestimated.

We estimate the transpacific contribution of dust
to aerosol concentrations over North America in
2001. The model captures the nationwide enhance-
ment and spatial pattern of Asian dust over the
United States in spring 2001. In addition, the model
indicates that the transpacific contribution persists
beyond springtime. We find that transpacific trans-
port accounts for seasonal median fine dust
(o2.5 mm) concentrations of 0.12, 1.2, 0.25, and
0.25 mgm�3 for DJF, MAM, JJA, and SON,
respectively, in the western United States, with
contributions 30–50% lower in the east.

We use the model to estimate the impact of
transpacific transport of dust on visibility impair-
ment in the US and implications for EPA RHR
goals. We find that transpacific transport accounted
for 41% of worst dust days (the subset of the 20%
worst visibility days when dust was the dominant
aerosol component) at western locations in 2001.
Although meteorology controls the interannual
variability in Asian dust emission and transport
(Zhang et al., 2003), continued expansion of Asian
dust source regions (Gong et al., 2004) could lead to
future increased contributions from Asian dust over
the United States.
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